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ABSTRACT
It has been suggested that black-hole low-mass X-ray binaries (BHLMXBs) with short
orbital periods may have evolved from BH binaries with an intermediate-mass sec-
ondary, but the donor star seems to always have higher effective temperatures than
measured in BHLMXBs (Justham, Rappaport & Podsiadlowski 2006). Here we sug-
gest that the secondary star is originally an intermediate-mass (∼ 2 − 5M⊙) star,
which loses a large fraction of its mass due to the ejecta impact during the aspherical
SN explosion that produced the BH. The resulted secondary star could be of low-
mass (. 1M⊙). Magnetic braking would shrink the binary orbit, drive mass transfer
between the donor and the BH, producing a compact BHLMXB.
Key words: binaries: close – X-ray: binaries – supernovae: general.
1 INTRODUCTION
There exist currently around twenty stellar-mass black
hole (BH) candidates in binary systems (Casares 2006;
Remillard & McClintock 2006). Nine of these systems are
defined as compact BH low-mass X-ray binaries (LMXBs)
with short orbital periods (. 1 d) and donors of mass
. 1M⊙ (Lee, Brown & Wijers 2002; Ritter & Kolb 2003;
Podsiadlowski, Rappaport & Han 2003). The short orbital
periods of these BHLMXBs imply that they must have
undergone secular orbital angular momentum loss, since
mass transfer from the less massive donor star to the
more massive BH always causes the orbit to widen. The
standard formation scenario, in which the progenitor sys-
tems contains a massive primary and a low-mass sec-
ondary initially, faces several difficulties, as summarized in
Justham, Rappaport & Podsiadlowski (2006) and Ivanova
(2006). (1) The progenitor binaries with extreme mass ratios
(> 20) are very difficult to form, considering the fact that
massive stars tend to have binary companions with simi-
lar masses (Pinsonneault & Stanek 2006); (2) the secondary
star, because of its low mass, may not have enough energy to
eject the envelope of the BH progenitor during the common
envelope evolution phase, unless a significant fraction of the
envelope has been previously lost through a very efficient
stellar wind; (3) the binary is likely to be disrupted during
the supernova (SN) explosion that produced the BH.
There have been quite a few alternative scenar-
ios suggested for the formation of compact BHLMXBs.
Eggleton & Verbunt (1986) suggested that the progenitor
⋆ E-mail:lixd@nju.edu.cn
of a BHLMXB is a triple star in which a massive close bi-
nary is accompanied at a large distance by a late dwarf.
After the evolution of the close binary into an ordinary X-
ray binary, the compact object is engulfed by its expanding
massive companion, and spirals in to settle at its center.
The resulting Thorne-Z˙ytkow object (TZO) gradually ex-
pands until it attains the size of the late-dwarf orbit. Then
a second spiral-in phase ensues, leading to the formation
of a low-mass close binary. But it is difficult for this sce-
nario to explain the spatial distribution and space veloci-
ties of LMXBs. Podsiadlowski, Cannon & Rees (1995) pro-
posed that during the evolution of TZOs the central neu-
tron star (NS) may be converted into a BH by accretion,
and part of the envelope may collapse into a massive disc,
which may become gravitationally unstable and lead to for-
mation of low-mass stars or planets. The efficiency of NS
accretion in this case is however, highly uncertain. Ivanova
(2006) suggested that a subset of short-period BHLMXBs
could be powered by mass transfer from pre-main-sequence
donors, although they suffer from the short lifetime problem
(∼ 107 yr). Podsiadlowski, Rappaport & Han (2003) and
Justham, Rappaport & Podsiadlowski (2006) assumed that
the secondary star is initially an intermediate-mass star,
which is more likely to survive the common envelope evo-
lution to form an intermediate-mass X-ray binary (IMXB).
Along with mass transfer between the secondary and the
BH, the secondary’s mass decreases to be . 1M⊙, and the
binary becomes an LMXB with long lifetime (∼ 109 − 1010
yr). To maintain long-term orbital shrinkage, the donor stars
are further assumed to be Ap and Bp stars so that mag-
netic braking can work (alternatively, a circumbinary disc
could do the same job without requiring the secondary stars
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to possess anomalously high magnetic fields, see Chen & Li
(2006)). However, the calculated effective temperatures of
the donor stars are not compatible with the observed val-
ues, which indicate that the donor masses should be . 1M⊙
at least at the onset of mass transfer.
Now the situation is that, the formation processes re-
quire that the secondary is likely to be an intermediate-mass
star, while apparent donor spectral classes suggest the donor
star would be of low mass all the way. A plausible solution to
this puzzle is that, the secondary is initially an intermediate-
mass star, but loses a significant part of its mass after the
formation of the BH. In this work we explore the possibil-
ity of mass loss from the secondary by the impact from the
aspherical SN ejecta.
2 MASS LOSS DUE TO SN IMPACT
BH formation may be associated with a SN explosion. In the
framework of current stellar evolution theories, stars more
massive than ∼ 40M⊙ collapse to BHs directly with no SN
explosions. If the initial stellar mass is between ∼ 20 and
∼ 40M⊙, a BH forms in a two-stage process, where the
collapse first leads to the formation of a NS accompanied by
a SN, which is subsequently converted into a BH through
accretion from the SN fallback (e.g. Fryer 1999).
Observationally, Israelian et al. (1999) and
Gonza´lez Herna´ndez et al. (2007) have presented favorable
evidence that the BH in the LMXB Nova Sco 1994 (GRO
J1655−40) formed in a SN event. From high-resolution
spectrum, they found that the atmosphere of the companion
was enriched by a factor of 6 − 10 in several α-process
elements (O, Mg, Si and S), indicating that the compact
primary most likely formed in a SN event of a massive star
whose nucleosynthetic products polluted the secondary,
since some of these elements cannot have been produced
in a low-mass secondary (see however Foellmi et al. 2007,
for negative argument). Gonza´lez Herna´ndez et al. (2006)
also found supersolar abundances of Mg, Al, Ca, Fe, and Ni
in the atmosphere of the companion star in the BHLMXB
XTE J1118+480, and reached the similar conclusion.
Additional independent evidence that the BH was formed
in a SN explosion comes from the peculiar velocities
measured for GRO J1655−40 (Mirabel et al. 2002) and
XTE J1118+480 (Gualandris et al. 2005).
The SN explosion can influence the companion’s struc-
ture through hydrodynamic impact. The impact of the
SN ejecta on a nearby companion may be quite dra-
matic. The supernova ejecta may either directly strip
material from the companion by direct transfer of mo-
mentum or, evaporate the envelope through the con-
version of the blast kinetic energy into internal heat
(McCluskey & Kondo 1971; Sutantyo 1974a,b; Cheng 1974).
Wheeler, Lecar, & McKeeChen (1975) analytically esti-
mated the amount of mass lost from the companion as a
result of the inelastic collision and the shock heating. They
found that, in the case of spherical SN explosions, the frac-
tion of lost mass from the companion depends on the value
of the parameter Ψ, which is defined as
Ψ =
1
4
MSN
Mc
R2
a2
0
(
vSN
ves
− 1), (1)
where MSN is the mass of the SN ejecta, Mc the mass of
the companion, R the radius of the companion, a0 the or-
bital separation just before the SN, vSN the ejecta veloc-
ity, and ves the escape velocity from the companion, re-
spectively. Note that ves is weakly dependent on the po-
sition within the regions to be stripped and ablated. It
would be increased by about a factor of . 2 at the bot-
tom of the envelope. For an n = 3 polytrope, which is ap-
propriate for a unevolved star, half of the stellar mass is
ejected when Ψ ∼ 2, and the star is completely destroyed
when Ψ ∼ 10. Numerical simulations were performed for su-
pernova impacts on both low-mass main-sequence compan-
ions (Fryxell & Arnett 1981; Taam & Fryxell 1984) and low-
mass red giants (Livne, Tuchman, & Wheeler 1992). The
most recent high-resolution hydrodynamic simulations made
by Marietta, Burrows, & Fryxell (2000) show that the ana-
lytic estimates by Wheeler, Lecar, & McKeeChen (1975) do
provide ballpark estimates of the ejected mass for the main-
sequence star case when Ψ < 1.
However, high degree of polarization measured in
several SNe (e.g. Wang et al. 2001; Leonard et al. 2002;
Leonard & Filippenko 2005) strongly suggests that per-
haps most SN explosions are aspherical. SNe associated
with gamma-ray bursts (GRBs) are obviously aspherical, as
GRBs are generally believed to be highly asymmetric phe-
nomena (Woosley & Bloom 2006). The light curve and the
nebular line features of GRB-SN 1998bw were found to be
in conflict with what is expected from a spherically sym-
metric explosion model (Mazzali et al. 2001). Maeda et al.
(2002) showed that this configuration can be obtained in an
axisymmetric explosion. In such an explosion, Fe is mostly
ejected at high velocity in a jet along the polar direction,
while nearer the equatorial plane relatively low-velocity O
is mostly ejected. It is now widely believed that these most
energetic SNe, described as “hypernovae”, are bipolar explo-
sions. Assume that the secondary is impacted by a jetlike SN
debris with a solid angle Ω, Eq. (1) can be then modified to
be
Ψ =
η
4
MSN
Mc
R2
a2
0
(
vSN
ves
− 1), (2)
where η = 4pi/Ω. Note that here MSN and vSN correspond
to the the jetlike component in the SN ejecta. All hypernova
models show that the jet emerges along the rotation axis of
the compact object (e.g. Burrows et al. 2007, and references
therein), which is implicitly assumed to be perpendicular to
the orbital plane if in binary systems. However, anisotropic
SN explosion can lead to misalignment between the spin and
orbital axes. In at least two BH binaries GRO J1655−40 and
SAX J1819−2525 the observed relativistic jets appear not to
be perpendicular to the orbital plane (Maccarone 2002, and
references therein). If the jet directions are indicative of the
direction of the spin of the BH, then the most likely explana-
tion is that the misalignment occurred during the formation
process of the BH, and that subsequent evolution has not
had time to bring about alignment (King et al. 2005).
According to the calculations by Maeda et al. (2002)
and Maeda (2006) for SN 1998bw, the opening angle of the
ejecta in the polar direction is around 30◦. If we adopt a
more conservative value of 45◦, Ω ∼ 0.3pi. Fits to the obser-
vational data suggest that the velocity of the ejecta in SN
1998bw can be high as a few 104 kms−1. For a 4M⊙ main-
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sequence secondary in 1 day orbit, inserting typical values
for the parameters in the above equation, we have
Ψ ≃ 2.5(
η
10
)[
(MSN/4M⊙)
(Mc/4M⊙
)][
(R/3R⊙)
(a0/10R⊙)
]2[
(vSN/10
4 kms−1)
(ves/800 kms
−1)
−1], (3)
suggesting that a large fraction of the stellar mass could
be lost. Note that mass ejection is efficient for narrow sys-
tems. This is in accordance with the fact that the pos-
texplosion binary has to be close enough to start the
mass transfer driven by orbital angular momentum loss.
Population synthesis calculations show that BHXBs with
intermediate-mass (∼ 2 − 5M⊙) secondary are born with
orbital periods in the range from ∼ 0.5 day to . 5 days
(Podsiadlowski, Rappaport & Han 2003). Finally we em-
phasize that the above estimate is just of order of magnitude,
and may have substantial errors due to the uncertainties in
the morphology of hypernova explosions and the interaction
of the SN ejecta with the secondary especially in the case of
Ψ & 1. These issues could only be resolved by future high-
resolution numerical simulations of aspherical SN-secondary
interactions. But Eq. (3) does suggest that we need to seri-
ously consider the possibility of efficient mass loss from the
secondary by SN impact.
According to the calculations by
Marietta, Burrows, & Fryxell (2000), immediately af-
ter the impact, the secondary star is puffed up, much like
a pre-main-sequence star. Since the remaining envelope is
out of thermal equilibrium, the luminosity of the remnant
will vary dramatically with a Kelvin-Helmholtz timescale
∼ 103 − 104 yr. After thermal equilibrium is reestablished,
the remnant will return to the main sequence along a
Kelvin-Helmholtz track and then will continue its evolution
at a rate prescribed by its new mass. If now the stellar mass
is . 1M⊙ and the orbital period ∼ 1 day, magnetic braking
will cause the orbit to shrink, and drive mass transfer onto
the BH, leading to the formation of a compact BHLMXBs.
3 DISCUSSION
In this work we argue that BHLMXBs may begin with an
intermediate-mass secondary, and that there could be rapid
mass loss at the birth of the BH accompanied by a SN ex-
plosion. In the case of highly aspherical SN explosions, the
ejecta impact could strip and blown the majority of the sec-
ondary’s mass, leaving it to be a low-mass star. If the orbit is
close enough, with the help of magnetic braking, the binary
will evolve to a short-period LMXB. The low-mass donor
also makes it possible to account for the observed cool spec-
tral types. If the secondary loses little mass during the SN
explosion, an IMXB will form, which will ultimately evolve
to be a wide LMXB. Note that the efficient mass loss requires
high asphericity of the SN explosion and fine tuned ejecta di-
rection. This also means that the occurrence rate is likely to
be quite low, and that only a small fraction of the progenitor
binaries may become compact LMXBs through this channel.
But the mass transfer lifetime of these binaries can be as long
as∼ 1010 yr, at least one order of magnitude larger than that
of wide LMXBs (e.g. Justham, Rappaport & Podsiadlowski
2006). Hence the expected populations of long- and short-
period BHLMXBs could still be roughly equal in size.
In the following we briefly discuss possible observa-
tional clues to rapid mass loss during a SN explosion.
(1) If the SN ejecta is contaminated with stripped hy-
drogen from the secondary star, the SN may appear as
a type IIb or IIc SN if the collapsing star has lost most
of its hydrogen or helium envelope: The spectra undergo
a transformation between a hydrogen-rich type II SN and
a helium-rich, hydrogen-deficient type Ib or a hydrogen,
helium-deficient type Ic SN. (2) After the SN and ejecta
impact, the binary (if not disrupted) is likely to have a
significant orbital eccentricity, at periastron the secondary
could overfill its Roche-lobe and transfer matter to the
compact object. The X-ray source 1E 161348−5055 in
the SNR RCW 103 (Tuohy & Garmire 1980) might be
such an example. Recent observations with XMM-Newton
showed a strong periodic modulation at 6.67 ± 0.03 hr
(De Luca et al. 2006). If this period is of orbital origin,
1E1613 could be a young NS or BH accreting from a very
low-mass companion star, as optical/IR observations sug-
gested that the possible companion should be less massive
than 0.4M⊙, if it is a normal star (Pavlov, Sanwal, & Teter
2004; Wang, Kaplan, & Chakrabarty 2007). Since it is ex-
tremely difficult for such a low-mass star to survive the com-
mon envelope evolution and SN explosion, the companion
star might originate from an intermediate-mass star which
has experienced strong SN impact. We expect detailed mul-
tiwavelength observations of this source to verify or falsify
this ejecta impact predication.
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